We introduce an Y-Er disilicate thin film deposited on top of a silicon photonic crystal cavity as a gain medium for active silicon photonic devices. Using photoluminescence analysis, we demonstrate that Er luminescence at 1.54 μm is enhanced by coupling with the cavity modes, and that the directionality of the Er optical emission can be controlled through far-field optimization of the cavity. We determine the maximum excitation power that can be coupled into the cavity to be 12 mW, which is limited by free carrier absorption and thermal heating. At maximum excitation, we observe that nearly 30% of the Er population is in the excited state, as estimated from the direct measurement of the emitted power. Finally, using time-resolved photoluminescence measurements, we determine a value of 2.3 for the Purcell factor of the system at room temperature. These results indicate that overcoating a silicon photonic nanostructure with an Er-rich dielectric layer is a promising method for achieving light emission at 1.54 µm wavelength on a silicon platform. 
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Introduction
Light emission from silicon is one of the main challenges of the silicon photonics paradigm, due to the material's indirect band gap. Great efforts have been made in the last decades to overcome this limit and to fabricate Si light emitters; defect and device engineering are among the most interesting approaches [1, 2] . Defect engineering consists of the intentional insertion of optically active impurities, such as dopants or defects [3] [4] [5] [6] , into the crystalline silicon (c-Si). In particular, since the first demonstration of optical emission from Er-doped Si in 1983 [7] , erbium has been widely studied as the active impurity. The transition between the first excited state and the ground state gives rise to the emission of a photon at the technologically important wavelength of 1.54 μm. Er-doped crystalline silicon as a luminescent material has two main drawbacks, however: (i) the low solubility of Er in Si limits the maximum concentration to about 10 18 Er/cm 3 , and (ii) the luminescence is strongly quenched at room temperature [8, 9] . These limits can be overcome by introducing the Er atoms into different hosts that are compatible with Si, and that can accommodate higher Er concentrations. For example, Y-Er disilicate (Y 2-x Er x Si 2 O 7 , 0 < x ≤ 2) is a good host candidate since it affords a maximum solubility of 10 22 cm −3 . This high solubility is due to the fact that both constituent materials (Er 2 Si 2 O 7 , and Y 2 Si 2 O 7 ) have the same crystalline structure with very similar lattice parameters, and both Er and Y atoms occupy the same atomic sites [10] . In addition Y is optically inactive and the optical properties depend entirely on Er. Internal gain in a ridge waveguide and electroluminescence have already been demonstrated in these compounds [11] [12] [13] , which encourages further developments.
The device engineering approach consists of the optical emission enhancement via the strong confinement of electromagnetic fields in a small volume that contains the optically active centers. For example, light emission enhancement in crystalline Si photonic crystal (PhC) cavities was demonstrated as a combination of the Purcell effect and the increase of the extraction efficiency [14] [15] [16] [17] . This approach has also been used successfully to enhance the optical emission of Er atoms by coupling them with photonic crystals [18] and high-Q optical cavity modes, such as microdisks [19] and microtoroids [20, 21] ; stimulated emission and linewidth narrowing have also been observed [22, 23] . All of these results were realised in insulating materials, however, and not in silicon; moreover, the active atoms had a maximum concentration limited by the typical values of Er doping in insulators-of the order of 10 20 at/cm 3 . In this study, we combine both approaches and couple the 1.54 μm emission of Er atoms with the optical modes of an L3 silicon PhC cavity by depositing a very thin Y-Er disilicate layer (≈10 nm) on top of the photonic structure. Our approach presents two main advantages: (i) the novel active material allows us to fine-control the Er concentration, with the possibility of increasing the number of emitting atoms up to the maximum concentration of 10 22 at/cm 3 ; (ii) the photonic structures are fully fabricated in crystalline silicon, allowing us to create high quality factor and small volume cavities. We demonstrate an enhancement of the Er emission due to the coupling with the cavity fundamental modes and show that the maximum Er concentration in the excited state is about 30%.
Samples design and fabrication
The photonic structures studied here are L3 cavities, formed in a PhC slab by removing three holes from the Γ-Κ direction of a triangular lattice. The lattice constant (a) was varied between 405 and 430 nm in steps of 1 nm to fine-tune the cavity resonance wavelength, while the hole radius (r) was kept at fixed ratio r/a = 0.275. This wide parameter-range was chosen to tune the fundamental cavity mode around 1.54 μm and to allow for the modification of the resonance wavelength induced by the deposition of the silicate thin film. The two holes closest to the cavity in the Γ-Κ direction (circled in blue in Fig. 1 (b) below) were shrunk and displaced in order to increase the cavity quality factor (Q-factor) [24] . Moreover, we applied the far-field optimization technique to improve out-of-plane coupling [25] , by modifying the radius of the holes close to the cavity (see larger holes circled in red in Fig. 1(b) below) . In particular, if we define Δr as the radius modification, cavities with Δr = 0, + 6, and + 21 nm were fabricated with the Δr = 0 nm devices acting as a reference. In principle, since we keep r/a fixed in the lithographic tuning, we should also scale Δr with the lattice constant -however, since the relative variation is only a few percent and is below the resolution of the lithography, for simplicity we keep Δr fixed.
Photonic crystal lattices of 10 × 10 μm 2 size were fabricated by e-beam lithography and reactive ion etching on a SOI substrate (220 nm thick c-Si on top of 2000 nm thick SiO 2 ). Afterwards the oxide layer underneath the PhC slab was removed by HF to form a freestanding membrane, see [26] for more details.
The structures were then coated by a 10 nm thick Y-Er disilicate film. The film was deposited by magnetron sputtering in an ultra-high-vacuum chamber by co-sputtering from Y 2 O 3 , Er 2 O 3 , and SiO 2 targets arranged in a confocal geometry. During the deposition, the substrate was heated to 400 °C. Following deposition, the samples were annealed at 1250 °C for 30 seconds in an O 2 ambient to induce crystallization of the film and to improve the optical emission at 1.54 μm through the reduction of non-radiative decay channels [11, 27] .
The film composition was evaluated by Rutherford Backscattering Spectrometry, confirming that the deposited film had a disilicate-like stoichiometry ( 20 Er/cm 3 (corresponding to 1.2 at.%). A schematic cross-section view of the final device is shown in Fig. 1(a) , while a scanning electron micrograph of a finished L3 cavity is shown in Fig. 1(b) . The Si membrane is intact, even after the high-T annealing. 
Photoluminescence analysis

Er coupling with L3 cavity modes
Er emission from bare SOI material and from L3 cavities was measured at room temperature by using a confocal micro-photoluminescence (μPL) setup. Er atoms were resonantly excited by a diode laser operating at 980 nm and focused to a spot of about 1 μm diameter by a high numerical aperture (NA = 0.8) microscope objective. The relative position between the laser spot and the sample was controlled with piezoelectric nanopositioners. The emission is collected through the same objective and sent to an InGaAs detector equipped with two diffraction grating monochromators to afford different spectral resolutions.
The pump laser has a wavelength resonant with the 4 I 15/2 → 4 I 11/2 transition of Er; the excited atoms quickly undergo the non-radiative transition to 4 I 13/2 , and then radiatively deexcite to the ground state 4 I 15/2 with the emission of photons at a wavelength around 1.54 μm. The PL emission observed in Y-Er disilicate film deposited on the unpatterned SOI substrate is shown as a dashed black line in Fig. 2(a) . The lineshape is typical for Er disilicates crystallized in the α-phase; among the different possible crystalline phases of this material, the α-phase shows the highest PL intensity due to its longer lifetime [10, 27] .
When the excitation spot is moved to the center of the L3 cavity, the PL spectrum consists of a sharp peak, corresponding to the excitation of the fundamental cavity mode, superimposed on a weaker background, corresponding to the PL emission of the Er atoms in the disilicate layer coating the L3 cavity. PL spectra of far-field optimized cavities (having Δr = + 6 nm) with different lattice constants are shown in Fig. 2(a) . The most intense peaks, between 1525 and 1560 nm, correspond to the fundamental cavity modes. The modes shift towards longer wavelength with increasing lattice constant, and their intensities roughly follow the PL shape of Er in disilicate film, shown as a dashed black line in the same figure. The effect of the far-field optimization is clearly apparent in Fig. 2(b) , where we show the PL spectra of three cavities with different Δr, that feature modes which are resonant with the Er emission peak. As expected, the PL of the far-field optimized cavities with Δr ≠ 0 is more intense because of the higher coupling efficiency into the collection cone of the microscope objective. At the same time, the peaks are broader by increasing Δr as a consequence of the reduced Q-factor [25] . However PL analysis is not the most accurate technique to measure high-Q factor cavities, since the maximum value is limited to about 15000, due to the spectral resolution of the diffraction gratings. Therefore their values were measured using the resonant scattering technique [28] (data not shown), yielding Q = 26000, 16200, and 4000 for Δr = 0, + 6, and + 21 nm, respectively. The Q-factors of the far-field optimized cavities are comparable with the values measured before the coating process, while a 2-fold decrease is observed for the higher Q-factor reference structure (Δr = 0 nm), where the higher optical losses induced by the disilicate are more apparent. Therefore, the coating layer does not appear to have a detrimental effect on the Q-factor of the far-field optimized cavities. The PL emission is enhanced by about two orders of magnitude in all the investigated samples, as estimated by the peak-to-background ratios in Fig. 2(b) . This is due to a combination of the increased extraction efficiency given by the presence of the photonic crystal pattern, and the Purcell effect given by the coupling with the cavity modes. We note that this enhancement, is comparable to the best values from L3 PhC cavities reported previously [14, 16] . Finally the structure with Δr = + 6 nm exhibits the strongest PL as a result of the best trade-off between the increased vertical coupling and the reduced Q-factor, and we only consider this in the following.
In order to exploit the very high Er concentrations allowed in this active material, it is necessary to excite the highest possible number of Er atoms. However, as high excitation powers are required, the effects of the interaction between the pump laser and the silicon slab must be evaluated. In fact, by considering an Er excitation cross section of 1 × 10 −21 cm 2 [29], we estimate that only a fraction of 8 × 10 −7 of the incoming photons are absorbed by Er in the top layer, while a much higher fraction (2 × 10 −3 ) are absorbed in the silicon slab. Figure 3 (a) shows the normalized PL spectra observed at different excitation powers (the normalization factors are indicated in the legend). Up to 6 mW pump power the peak intensity increases and the lineshape is almost unchanged; increasing the pump power further, the PL intensity saturates, and then even decreases. At the same time, a peak redshift and broadening occurs (blue curve and full squares in Fig. 3(a) ). The former effect is due to sample heating, with the maximum observed cavity mode redshift (about 1 nm) corresponding to ∆T ≈20 °C; the latter is related to the absorption induced by free carriers created in silicon that induces a reduction of the cavity Q-factor [16, 30] . Although both effects are a direct consequence of the interaction between the pump photons and the silicon slab, they also have a detrimental influence on the Er luminescence. The sample heating moves the resonance away from the maximum Er PL peak, and the Q-factor reduction is responsible for a less efficient Er-cavity interaction. Both effects explain the reduction of PL at the high pump power in Fig. 3(a) . The peak PL wavelength and the Q-factor trends are plotted as a function of the pump power in Fig. 3(b) . At low pump powers, the Q-factor is constant at about 12000, close to the resolution limit of the spectrometer. For P > 12 mW, a strong modification of both parameters occurs, setting an upper limit for the excitation power that can be used in this structure without the occurrence of these detrimental effects. This limit is strictly due to the photonic structure and it is not related to the active material that can sustain higher excitation powers. It could be overcome by using a 1480 nm exciting laser in order to completely suppress free carriers in the underlying membrane, but without a decrease of the efficiency of Er coupling, owing to the very similar Er excitation cross sections under the two excitation conditions [29].
Concentration of excited Er in cavity
The maximum power emitted by the cavity for excitation at 12 mW was measured with an InGaAs power meter coupled to a low-pass optical filter, thus excluding photons below 1500 nm not related to Er emission. The raw observed value of 15 pW was corrected taking into account the following factors.
Through the analysis of PL spectra we estimate that only the 75% of the emitted power comes from the Er coupled to the cavity mode (the remaining 25% was attributed to the background PL). The absorption loss of the acquisition line of the setup (31%) was evaluated by directly measuring the transmittance at 1540 nm of the dichroic mirrors and the optical filters. The absorption loss of the microscope objective (35%) was measured by directly measuring the transmission of a 1540 nm laser light. The fraction of light that can be collected by the microscope objective was evaluated through FDTD methods (by using commercial software from Lumerical Solutions), integrating the far-field profile emission over an angle corresponding to the collection angle of the objective [25], yielding about 60%.
Finally, only the photons emitted in the upper plane, that is the 50% of the total, can be collected by the objective, and then directly measured.
Following it, the estimated maximum power emitted by Er atoms coupled to the cavity mode is about 85 pW, over a very narrow peak (∆λ = 0.15 nm). The trend of the emitted power as a function of incident pump power is shown in Fig. 4 . If we consider the pump power absorbed by Er ions, the efficiency is 0.9% for 12 mW; but given the sub-linear trend, this value further increases at lower pump powers. Starting from the emitted power, we can estimate the concentration of excited Er as a function of pump power (right hand scale in Fig. 4 ). If we assume that each Er atom emits a power of (1.3 × 10 −19 /τ R,cav ) W, with τ R,cav the radiative lifetime of Er atoms coupled to the cavity mode, the total number of emitting dipoles is given by the ratio between the total emitted power and the power emitted by a single atom. We estimate a radiative lifetime of 4.0 ± 0.5 ms (see next paragraph for the details), so a maximum of 2.6 ± 0.3 × 10 6 Er atoms are excited to achieve the 85 pW emission. If we assume a cavity mode area of 1 μm 2 and that Er atoms are coupled to the cavity mode throughout the entire film thickness of 10 nm, then there are 2.6 ± 0.3 × 10 20 Er/cm 3 excited, about 32 ± 4% of the total number. In order to check the reliability of our estimated values we calculate the excited Er fraction starting from the Er rate equations. In the pump power range we investigated, the PL trend is sub-linear, suggesting that up-conversion processes that deplete the first excited level are occurring [31] . The rate equation of the first excited Er level in the two-level approximation (i.e., by assuming that all Er atoms resonantly excited by the pump to the 4 I 11/2 level relax to the 4 I 13/2 instantaneously), including the up-conversion term, is as follows:
N 1 (t) is the Er population in the excited 4 I 13/2 level at the time t, σ is the excitation cross section (2 × 10 −21 cm 2 according to Table 4 .5 in ref [29] .), φ is the pumping flux, N Er is the Er atomic concentration and C is the up-conversion coefficient. Here τ represents the total lifetime of Er in cavity, including both radiative and non-radiative terms; it was experimentally measured, being 2.1 ms (see next paragraph for more details). By considering the steady-state condition reached under a continuous-wave excitation pump, we obtain:
The only parameter we cannot directly measure is the up-conversion coefficient C; it can be extrapolated from the values reported in ref [10] , giving C = 1.3 × 10 −16 cm 3 /s. Substituting all the parameters in Eq. (2) we can calculate the excited Er concentration as a function of the pumping flux; the resulting trend is the dashed red curve in Fig. 4 . We achieved a good agreement with the experimental data, up to 12 mW, thus confirming our estimation of the excited Er concentration. Note that the PL decrease for P > 12 mW is attributed to the detrimental effects of the underlying Si photonic crystal.
Finally, while the maximum excited Er concentration obtained in this work corresponds to 30% of the entire Er population by considering the simulated trend of excited Er, it is evident that the population inversion threshold (50% of excited population) could be obtained for a pump power higher than 12 mW. However, detrimental effects due to the absorption of photons in Si slab, and not in the active medium, currently limit us to this value. This result is very encouraging as it demonstrates that by overcoming the limited excitation power, population inversion threshold can indeed be reached, making this approach very promising for the realization of optical gain at 1.54 μm. An increase of the maximum allowed power could be achieved by reducing the interaction between the Si slab below the active material and the pump photons, for example by using a 1480 nm excitation laser without influencing the efficiency of the Er-cavity mode interaction as observed in the previous paragraph.
Alternatively, the fraction of excited Er can also be increased by the replacement of optically inactive yttrium with ytterbium, determining an enhancement by one order of magnitude of the excitation cross section [21, 32] . The calculated trend of excited Er fraction as a function of incident flux in presence of Yb is shown as a dashed blue line in Fig. 4 ; in this case, the population inversion threshold could be reached already at the maximum pump flux allowed by the photonic structure studied here.
Time-resolved photoluminescence and Purcell effect
The Er PL enhancement is only an indirect signature of the Purcell effect that occurs when Er atoms are coupled to a cavity mode; a direct proof requires measuring the change in lifetime [33] . We measured the lifetime at room temperature on a setup similar to that used for μPL. The exciting laser was mechanically chopped at 30 Hz to give a square-wave pump signal, and the collected light was sent to a superconducting single photon detector (SSPD) cooled to 4.2 K, that produces an output voltage each time a photon is absorbed. The lifetime is recorded via the time-correlated single photon counting technique. Figure 5 shows two decay curves obtained under different conditions. The black curve represents the decay of the cavity resonance PL, obtained by spectrally selecting the narrow cavity peak only. The red curve is the time decay of the emission collected from Er atoms on the PhC lattice outside the cavity region; the signal was collected from a 1500-1800 nm transmission window. At first glance, all of the curves show a non-single exponential behavior; we attribute this to the presence of up-conversion processes [31] , although the decay curves were acquired at the lowest possible pump power in order to reduce the Er-Er interactions as much as possible. In order to extract the lifetime values, the experimental curves must then be fitted by using the solution of Eq. (1), when the external pump is switched off (corresponding to the case σ = 0).
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In this case the fitting parameters are the lifetime τ, and the product N 1 (0)C between the excited Er concentration when the laser is switched-off and the up-conversion coefficient. From Fig. 5 , the corresponding lifetime of Er atoms coupled to the cavity mode is the shortest (2.1 ms); if we move the laser spot away from the cavity region into the PhC lattice, the lifetime is increased to 3.0 ms. The decay rate for Er in PhC is given by the reciprocal sum of radiative (R) and non-radiative (nR) lifetime:
The radiative decay rate of Er in cavity is increased by the Purcell effect through the Purcell factor F P , and Eq. (4) is modified into:
Then, in order to estimate the F P values in our system we can compare the lifetime of Er in cavity and in PhC, supposing that non-radiative lifetime is the same in both cases. This is true since the main non-radiative decay channel in Er-containing insulating host is the concentration quenching due to Er-Er energy transfer [34] . This process depends only on the Er-Er mean distance and then it is not influenced by the dielectric environment.
Unfortunately it is not possible to estimate the radiative lifetime from the time decay measurements, since the Er concentration is too high to neglect non-radiative decay channels, such as concentration quenching [34] . Its value must be deduced following some approximations. As a starting point we consider the measured radiative lifetime of Er in a bulk Y 2 O 3 (8 ms) [35] . The radiative lifetime of Er embedded in a homogeneous medium depends only on the refractive index of the host mateial, following an inverse squared dependence [36] ; since the refractive indexes of the Y-Er disilicate film and Y 2 O 3 are 1.77 and 1.9 respectively [10] , then we estimate radiative lifetime of Er in disilicate to be 9 ms. Further modifications of the lifetime τ R due to placing the disilicate on top of the Si layer, which reduces the lifetime by a factor of about 1.4 [37] , and due to interaction of the Er emission with the photonic bandgap of the underlying PhC, which increases the lifetime by about the same amount, nearly compensate each other and lead to a small error bar in the estimation.
This finally gives us F P ≈2.3 ± 0.3, comparable to that reported for a L3 PhC cavity fully fabricated in Er-doped silicon nitride [23] . This means that the radiative lifetime of the Er atoms coupled to the cavity mode (τ R,cav ) is further reduced to 4 ms.
The spontaneous emission rate enhancement of a single dipole, spectrally and spatially matched to the electric field antinode of a generic photonic cavity, is ideally given by the well-known Purcell expression
where the effective cavity mode volume is consistently defined as [38-40]: 
In the latter expression r max is the position that maximizes the product ε(r)|E(r)| 2 . In our case, we can assume that the active medium is made of a uniformly distributed ensemble of narrow-line emitters. Indeed, the overall emission linewidth of Er atoms in insulating hosts is determined by inhomogenous or Stark splitting of the extremely narrow atomic transitions between the different multiplets involved in the 4 I 13/2 → 4 I 15/2 decay [29]. The long radiative lifetime, in the millisecond range, clearly supports this hypothesis. We can then assume that the emitter linewidth is much smaller than the cavity mode, and apply a generalized expression for the Purcell factor that only depends on the cavity Q-factor [40]:
This expression fully takes into account the convolution of the spatial distribution function of the active dipoles, p(r), with the cavity mode spatial profile, here consistently defined as f(r) = E(r)/|E(r max )|, and where the factor 1/3 in the integral accounts for the random orientation of the dipole emitters. Although local-field effect may have an influence on the radiative lifetime in a dielectric medium, depending on the details of the local surrounding of the impurity [41] , in the present case the local-field effects are implicitly included in the radiative lifetime of Er in the silicate matrix. Notice that the "local" surrounding is defined on a scale of a few lattice constants, and is unaffected by a material thickness of 10 nm: thus, the localfield effect gives no corrections to our measured or calculated Purcell factor.
To estimate the expected Purcell enhancement in our system we apply Eq. (9) to the L3 photonic crystal cavity corresponding to the measured device. The electric field profile is calculated with the FDTD method, by using commercial software from Lumerical Solutions. We assume uniformly distributed Er active centers on the surface of the cavity, with a layer thickness of 10 nm. The result is an estimated Purcell factor of F P ≈3.2, close to the experimentally determined value.
The relatively low Purcell factor as compared to the ideal value F P,ideal of Eq. (7) follows from three effects: (i) the polarization factor 1/3, as the Er emitter dipoles are randomly oriented; (ii) the uniform spatial distribution of the dipoles in the plane, instead of having dipoles at the cavity center; (iii) the non-optimal location of Er layer on top of the silicon slab, instead of having dipoles at the middle of the slab. All these effects are contained in the formula (9) and are taken into account in the FDTD evaluation of the Purcell factor. Effect (iii) could be overcome by fabricating similar PhC cavities in which the active material is placed inside the crystalline silicon, in order to improve the overlap between the active layer and the cavity region, by using e.g. vertical slot waveguides [42] : this solution would be especially advantageous, as it would also reduce the effective volume V eff by the slot effect leading to enhanced electric fields in the slot region.
Conclusions
In summary, we have successfully demonstrated coupling between Er atoms and the optical modes of an L3 photonic crystal cavity realized in crystalline silicon by coating the cavity with a thin Y-Er disilicate layer. The PL of Er atoms in the cavity region is enhanced by the increased extraction efficiency and the Purcell effect, the extraction efficiency being maximized using far-field optimization. By measuring the emitted power, we estimate that 30% of Er population is excited; this opens the route for further improvements through an optimization of both active material and photonic structure. The Purcell factor that we extract from time-resolved photoluminescence measurements is F P ≈2.3, close to the calculated value of F P ≈3.2. However, we expect F P to increase in optimized PhC cavities in which the active material can be inserted spatially closer to the region of highest field confinement. Finally since our photonic structure is fully fabricated in crystalline silicon and coated with a very thin insulating layer, it is possible, in principle, to fabricate an electroluminescent device. The Er atoms could be excited through an impact excitation mechanism, with carriers tunneling through the active layer, a scheme that has already been used to demonstrate electroluminescence in other silicate-based devices [13] . This would greatly broaden the range of applications for the present Si-based nanoemitters opening the route to the development of small-sized Er light source and amplifiers.
